Single-stranded viral DNA of bacteriophage fI is cleaved into specific fragments by endo R-HaeIII, a restriction endonuclease isolated from Hemophilus aegyptius. Bacteriophage-fi contains a covalently closed, circular single-stranded DNA of 1.8 X 106 daltons (20). Upon infection of sensitive cells of Escherichia coli, replication of the phage DNA takes place through the formation of doublestranded, circular replicative form DNA (RF). The RF, consisting of viral and complementary strands, can be isolated from the fl-infected cells and used as a substrate for endonucleolytic reactions.
pared as described previously (21) . Covalently closed, circular replicative form-DNA (RFI) of fi was prepared by the modified procedure (12) of the method described by Model and Zinder (22) . K415 (F+ mec-endo I-thi-rK-mK+), the E. coli strain used for the preparation of RFI, was very generously provided by Dr. S. Hattman (23) . Preparation of 32P-labeled DNA has been described (12) .
Endonucleases. Endonucleases R.HaeIII (6, 12) , R-HaeII (11, 12) , and R-Hind (4) were isolated as described previously (12) . Endo R-EcoRII, isolated by the method described by Yoshimori (5) , was supplied by Dr. G. F. Vovis.
Denaturation and Renaturation. Alkali denaturation and subsequent renaturation of DNA were carried out as described previously (24) except that acetic acid was used instead of NaH2PO4 to neutralize the alkali.
Gel Electrophoresis. Procedures for slab gel electrophoresis, radioautography, and extraction of DNA from the gel have been described previously (12) . A gel containing a 2.5-7.5% gradient of polyacrylamide (25) was used for the analysis of DNA fragments, while a 1.4% agarose gel was used for the preparation of DNA fragments. RESULTS 
AND DISCUSSION
Endo R.HaeIII, a restriction endonuclease isolated from H. aegyptius (6) , cleaves the double-stranded replicative form DNA (RF) of bacteriophage fi at nine specific sites to yield nine fragments, which have been named HaeIII-A through I. These fragments have been ordered so as to construct a circular cleavage map of the fI genome (12) (See Fig. 1 ).
Upon polyacrylamide gel electrophoresis, the endo R*HaeIII digest of fI RFI gives the pattern shown in Fig. 2a Fig. 2b reveals nine single-stranded fragments, the positions of which are marked on the figure by Arabic numerals 1-9. An additional top band is due to the radioactivity of a portion of the complementary strand hybridized to the full-length viral strand. Additional faint bands due to the self-annealing of a small portion of the HaeIII fragments are also seen in the figure. The striking resemblance between the pattern of the viral strand from the double strand digest (Fig. 2b) and the pattern of the viral strand digest (Fig. 2c) is obvious: among the eight bands shown in Fig. 2c seven had a mobility identical to that of the bands shown in Fig. 2b . This strongly suggests that the sites of the single strand cleavage correspond to those of the double strand cleavage. Apparently one of the nine cleavage sites was not cleaved when single-stranded DNA was used as the substrate, yielding a fragment that is labeled X in Fig. 2 . By use of a higher concentration of endo R-HaeIII and a longer incubation time, we have observed conversion of a portion of fragment X into fragments 5 and 7 (data not shown). Therefore, the resistance of this site in the single-stranded form to the enzyme is quantitative rather than qualitative. Quantitative differences in the sensitivity among other HaeIII sites to the single strand cleavage have also been observed by using lower enzyme concentrations (data not shown). The results described above strongly suggest that the cleavage of the single-stranded DNA is catalyzed by endo R.HaeIII, not by a contaminating enzyme in the preparation.
In order to correlate the viral strand fragments (Fig. 2c) to the double-stranded fragments (Fig. 2a) , we cut out portions of the dried gel that correspond to each radioautographic band and measured the radioactivity. The result shown in Table 1 indicates that the viral strand fragments 1, 2, 3, 7, 8, and 9 (see Fig. 2c ) correspond to the double-stranded fragments A, B, C, G, H, and I (see Fig. 2a ), respectively. Preliminary results of experiments in which RF fragments pro- Fig. 2 .
The area of the gel corresponding to each radioautographic band was cut out and the radioactivity was measured in a liquid scintillation counter. b For the nomenclature of the bands, see Fig. 2 .
Includes the radioactivity due to self-annealing of the fragment HaeHI-G. duced by endo R-HaeII plus endo R-Hind (see Fig. 1 ) were digested with endo R-HaeIII and subsequently subjected to denaturation and renaturation in the presence of an excess amount of intact viral strand have indicated that the singlestranded fragments 1, 2, 3, 4, 5, 6, 7, 8, and 9 are viral strands of HaeIII fragments A, B, C, D, F, E, G, H, and I, respectively (data not shown).
Parenthetically it should be noted that in most gel systems double-stranded fragments of similar size are difficult to resolve (see fragments D, E, and F in Fig. 2a) . However, the gel electrophoretic separation of their single-stranded counterparts can be much better (see fragments 4, 5, and 6 in Fig. 2b) , probably because the mobility of single-stranded molecules reflects structure and base composition in addition to size.
Many restriction endonucleases have been shown to cleave double-stranded DNA within specific base sequences that have a 2-fold rotational symmetry (14) (15) (16) (17) (18) (19) . For instance, endo R.HaeIII, the enzyme used in the present study, cleaves double-stranded DNA within the following base se- (27-S0) . To distinguish between these possibilities, we tested a single-stranded DNA fragment that contains only one HaeIII site for its sensitivity to endo R.HaeIII. Endo R. EcoRIT cleaves fl and fd RFI at two sites, producing two fragments, EcoRII-A and EcoRII-B (Vovis, Horiuchi, and Zinder, submitted for publication; S. Schlagman, S. Hattman, M. S. May, and L. Berger, submitted for publication). The fragment EcoRII-B contains only one endo R-HaeIII site, the site between HaeIII-B and HaeIII-C (see Fig. 1 One of the obvious questions of interest is whether the cleavage of single-stranded DNA is a general characteristic of restriction endonucleases. Endo R-EcoB, which cleaves DNA at sites different from the DNA recognition sites (24) , is inactive on single-stranded DNA (21, 31) . Among the restriction endonucleases that produce site-specific cleavages, endo R-Hind appears not to cleave alkali-denatured T7 DNA (4) . However, our preparation of endo R-HpaII isolated from H. parainfluenzae (7, 8) produces discrete fragments with fl viral DNA as the substrate (data not shown), although, in this instance, we have not yet tested whether the cleavage is due to endo R-HpaII itself or another contaminating enzyme. It, therefore, appears rather likely that the cleavage of single-stranded DNA is not peculiar to endo R.HaeIII.
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